We introduce the concept of many-to-one mapping of form to function and suggest that this emergent property of complex systems promotes the evolution of physiological diversity. Our work has focused on a 4-bar linkage found in labrid fish jaws that transmits muscular force and motion from the lower jaw to skeletal elements in the upper jaws. Many different 4-bar shapes produce the same amount of output rotation in the upper jaw per degree of lower jaw rotation, a mechanical property termed Maxillary KT. We illustrate three consequences of many-to-one mapping of 4-bar shape to Maxillary KT. First, manyto-one mapping can partially decouple morphological and mechanical diversity within clades. We found with simulations of 4-bars evolving on phylogenies of 500 taxa that morphological and mechanical diversity were only loosely correlated (R 2 ‫؍‬ 0.25). Second, redundant mapping permits the simultaneous optimization of more than one mechanical property of the 4-bar. Labrid fishes have capitalized on this flexibility, as illustrated by several species that have Maxillary KT ‫؍‬ 0.8 but have different values of a second property, Nasal KT. Finally, many-to-one mapping may increase the influence of historical factors in determining the evolution of morphology. Using a genetic model of 4-bar evolution we exerted convergent selection on three different starting 4-bar shapes and found that mechanical convergence only created morphological convergence in simulations where the starting forms were similar. Many-to-one mapping is widespread in physiological systems and operates at levels ranging from the redundant mapping of genotypes to phenotypes, up to the morphological basis of whole-organism performance. This phenomenon may be involved in the uneven distribution of functional diversity seen among animal lineages.
INTRODUCTION
There is a growing need to know why there is so much natural diversity in complex functional systems and why diversity is unevenly distributed among lineages of organisms. Progress in understanding diversity has come from several fronts. Comparative physiology has been central to this enterprise by characterizing the variety of forms in terms of their function, and often identifying the major axes of functional diversity (Bartholomew, 1981; Block et al., 1993; Hochachka and Lutz, 2001; Huey and Bennett, 1987; Norberg, 2002; Streelman et al., 2003) . To understand why some groups have generated more physiological diversity than others, it has proven useful to consider the role of both environmental factors, such as the opportunities provided by the invasion of previously uninhabited landscapes (Baldwin and Sanderson, 1998; Farrell, 1998) , as well as intrinsic properties of the organism itself (Lauder, 1981; Wake, 1982) . Elements of the design of physiological systems may influence diversification, and thus, researchers have sought basic rules linking these two parameters (Lauder, 1990 ). An example of such a repeating theme is the key innovation-the idea that a functional innovation can have a profound impact on the subsequent pattern of diversification within the clade that bears the novelty. Examples include the evolutionary success of beetle lineages that became phytophagus (Farrell, 1998) , and the origin of flight in birds (Middleton and Gatesy, 2000; Ostrom, 1979) . In spite of the appeal and potential importance of identifying general principles of organismal design, such as the key innovation, relatively few such concepts have been identified.
In this paper we identify a common property of physiological systems, many-to-one mapping of form to function, and we discuss its potential influence on the distribution of physiological diversity. We illustrate many-to-one mapping with examples from our recent work on the relationship between skeletal morphology and mechanical properties in the jaws of labrid fishes. While the specific examples we develop are drawn from our work with jaw mechanics in a single major group of fishes, we anticipate that the principles we describe will apply broadly to complex functional systems of interest in physiology, biomechanics and functional morphology, and at many different levels of analysis.
THE ORAL JAW 4-BAR LINKAGE OF LABRID FISHES Fish skulls are highly kinetic, complex networks of contractile muscles that actuate motion of stiff skeletal elements through a variety of joints. While some parts of the moving skull can be modeled as operating like simple levers, several examples of 4-bar linkages have been proposed to operate, including a hyoid linkage (Anker, 1974; deVisser and Barel, 1996) , an opercular linkage (Anker, 1974) , and a linkage in the oral jaws (Westneat, 1990) . Acting as complex levers, 4-bar linkages transmit muscular force and motion through FIG. 1. Diagram of the oral jaws 4-bar linkage of labrid fishes using the example of Oxycheilinus digrammus. The system involves four skeletal elements (fixed link, nasal link, maxilla link and lower jaw link) connected together in a loop by joints that permit motion only in the plane of the page. As the lower jaw is rotated during opening, this motion is transmitted through the linkage to he maxilla, which pushes the upper jaw anteriorly. One way of describing the mechanical property of the linkage is the Maxillary KT, or the number of degrees of rotation in the maxilla per degree of input rotation of the lower jaw. a series of four skeletal links that are connected together in a loop (Fig. 1) . In the case of the oral jaws 4-bar linkage, the force and motion of muscles acting to rotate the mandible are transmitted to other parts of the linkage, such as the nasal bone and the maxillary bone. Because motion of the 4-bar is complex there are many different ways to characterize its mechanical properties. Previous work with this linkage in labrid fishes has focused on the effect of lower jaw rotation on movement of the maxilla, because the maxilla is intimately involved in controlling protrusion of the premaxilla (Westneat, 1995) . Thus, one way to characterize the mechanical property of this linkage is with the Maxillary Kinematic Transmission Coefficient (Maxillary KT), which we define as the number of output degrees of rotation of the maxilla, relative to the position of the fixed link, for a given amount of input rotation in the lower jaw. Maxillary KT is therefore analogous to the inverse of mechanical advantage, the more familiar quantity that is typically used to describe the mechanical property of a lever system. Although Maxillary KT is but one property of the complex feeding apparatus, researchers have found that its value is significantly correlated with patterns of prey use in labrid fishes (Westneat, 1995; Wainwright et al., 2004) . Species with high Maxillary KT tend to feed on open-water zooplankton or elusive fishes and shrimps where they appear to capitalize on high motion transfer in the 4-bar. Labrids with low Maxillary KT that transmits more input force through the system typically feed on sessile benthic prey that may be captured by direct biting.
Maxillary KT is a function of the shape of the 4-bar, or the relative lengths of the four skeletal components. As with a simple lever system, the size of the system does not affect its mechanical property, only its shape does. The morphospace of all 4-bar linkage conformations can be visualized in three dimensions by expressing the length of each of the moving links as a fraction of the length of the fixed link (Hulsey and Wainwright, 2002) . Figure 2 shows the part of this morphospace where the three moving links are all equal to or shorter than the fixed link. If the Maxillary KT is calculated for every 4-bar shape in this morphospace an important pattern emerges: there are many 4-bar shapes for every value of Maxillary KT (Hulsey and Wainwright, 2002) . That is, there is a many-to-one mapping of morphology onto the mechanics of this system (Fig. 2) . This many-to-one property of the 4-bar linkage is due to its relative morphological complexity. A simple lever system, once size is accounted for, has but a single pair of in-lever and out-lever lengths for each value of its KT. In the following sections, we explore important consequences of this many-to-one mapping on the evolutionary dynamics of the 4-bar system. FIG. 3 . Result from 1,000 simulations of the 4-bar evolving on randomly generated trees of 500 taxa. Each point represents variance in the length of the 4-bar links among the 500 tip taxa vs variance in their Maxillary KT. The relationship is significant but weak (r 2 ϭ 0.25). Redrawn from data in Alfaro et al. (2004) .
DYNAMICS OF 4-BAR LINKAGE EVOLUTION

Many-to-one mapping and the relationship between morphological and mechanical diversity
The redundant mapping of 4-bar shape onto Maxillary KT raises the possibility of a weak relationship between morphological diversity and diversity of Maxillary KT within groups of fishes. A common assumption in many ecomorphological analyses is that morphological diversity is a reasonable proxy for functional diversity. Many-to-one mapping suggests that considerable caution should be used when inferring this relationship.
We explored the dynamics of the relationship between morphological and mechanical diversity in the 4-bar linkage by simulating evolution of the four bars of the linkage on 1,000 randomly generated phylogenies of 500 tip taxa (Alfaro et al., 2004) . On each tree we simulated the evolution of the lengths of the four links of the 4-bar using a Brownian motion model of trait evolution. The four links were allowed to evolve separately, with checks at each change that the resulting conformation was a functional 4-bar. We started the simulation with an ancestral 4-bar drawn from a frequency histogram of the oral jaw 4-bars of 105 species of labrid fishes . At the conclusion of each simulation we calculated the Maxillary KT for the 4-bar linkages of each of the 500 tip species. To measure morphological and mechanical diversity we calculated the variance in each trait among the 500 tip taxa (Foote and Gould, 1992) . Morphological diversity was taken as the sum of the variance in the lengths of the four links of the 4-bar. Mechanical diversity was taken as the variance in the Maxillary KT of the 500 species in the tree. This exercise was repeated for each of the 1,000 phylogenies, with each tree generating a single value of morphological variance and a single value of mechanical variance (Fig.  3) . Overall, morphological and mechanical variance was weakly, but significantly, correlated (R-square ϭ 0.25).
A similar result was obtained when we calculated morphological and Maxillary KT diversity within nine presumed monophyletic groups of labrid fishes. In this case, there was no significant relationship between these variables. Some clades had high mechanical diversity and low morphological diversity, while other clades had high morphological diversity and low mechanical diversity (Hulsey and Wainwright, 2002; Alfaro et al., 2004) . The implication of these results is sobering for ecomorphological analyses that measure morphological diversity and interpret it as being representative of functional diversity. If many-to-one mapping is a common theme, it provides one reason why it is critical to measure directly the functional properties of interest when trying to assess functional diversity.
Many-to-one mapping permits optimization of multiple mechanical properties
Like many other parts of organisms, the oral jaws 4-bar linkage of labrid fishes contributes to other functions in addition to maxillary rotation and upper jaw protrusion. For example, the mechanisms of buccal expansion, the action that is key to suction feeding, involves oral jaw expansion. Thus, the parts of the 4-bar linkage are simultaneously elements of other linkage systems and participate in other functions. It is therefore of interest to explore the consequences of many-to-one mapping for participation in multiple functions. Consider a second mechanical property of the 4-bar linkage that we will call the Nasal KT. We will define the Nasal KT as output rotation of the nasal bone ( Fig. 1) for a given amount of input rotation of the lower jaw. As with Maxillary KT, there is manyto-one mapping of 4-bar shape onto Nasal KT (Fig.  4) .
Because many shapes give each value of KT, it is possible to obtain many combinations of Nasal KT and Maxillary KT (Alfaro et al., 2004) . Furthermore, there is considerable flexibility for simultaneously optimizing both properties. An example is shown in figure 4 where the intersection between Maxillary KT ϭ 0.8 and Nasal KT ϭ 0.5 is illustrated. The intersection between these two surfaces in 4-bar morphospace defines a family of 4-bar shapes that all have this combination of mechanical properties.
The implications of this phenomenon for the evolution of functional systems are considerable. There are many different mechanical properties of the skull of fishes that involve many different functions. The morphological systems that underlie these mechanical properties will frequently have overlapping parts. If morphological shape mapped one-to-one then every skull shape would map to a unique combination of mechanical properties and systems with overlapping parts would be highly constrained in their evolution. Many-to-one mapping results in a partial decoupling that makes it possible to alter the shape of the 4-bar in order to change one mechanical property, while keeping a second mechanical property constant. This would not be possible if form mapped to mechanical property in a one-to-one fashion.
Have labrid fishes capitalized on this property of the 4-bar linkage? Figure 5A illustrates the 4-bar shapes of six labrid species all with Maxillary KT ϭ 0.8 (Ϯ0.04) and Nasal KT of 0.5 (Ϯ0.04) . Note that the shapes of these six linkages are all different. These species lie at different positions along the line that intersects Maxillary KT ϭ 0.8 and Nasal KT ϭ 0.5. The significance of many-to-one in promoting diversity in this group is further illustrated by the fact that various other species, all with Maxillary KT ϭ 0.8 exhibit a wide range of Nasal KT values (Fig. 5B) . The structural complexity of the linkage between lower and upper jaw permits a greater range of mechanical combinations than would be permitted with the simpler underlying system.
As one increases the number of mechanical properties of the 4-bar system being considered to three, the most common result is that a single shape is found at the intersections of the three individual surfaces. In general, once the number of mechanical properties being determined is equal to or greater than the number of underlying links that specify the mechanical property there is usually one or fewer forms that have the combination of properties. In order to see many-to-one mapping in functional systems there have to be more parts interacting to specify the properties than there are emergent properties being evaluated.
A mechanism for strong phylogenetic constraints on form
Since many 4-bar shapes have the same Maxillary KT this creates a question about what happens when convergent evolution occurs in the mechanical property. Does selection for a particular value of Maxillary KT always produce the same morphology as we commonly expect in studies of convergent evolution? Alternatively, many-to-one mapping may make the morphological evolution that accompanies mechanical convergence less predictable. Perhaps the ancestral form of the 4-bar linkage strongly affects the morphological outcome of convergence in Maxillary KT.
To explore these possibilities we simulated the evolution of the 4-bar linkage using an explicit genetic model of 4-bar evolution (Alfaro et al., 2004) . To model the genetic basis of the 4 morphological traits, we used an additive multilocus model with uniform allele effects. Every individual was assigned a haploid genotype that determined the lengths of the four links in the 4-bar. The genotype consisted of 50 loci for each of the 4 traits. After assigning each of 500 starting individuals a genotype and phenotype, the population was subjected to natural selection on Maxillary KT through hundreds of generations of reproduction and recombination. We chose three morphologically and mechanically different 4-bar shapes as alternative starting points for simulations. These morphologies were chosen from actual jaw shapes observed in three wrasse species and had Maxillary KT values of 0.68, 0.98, and 1.65. All morphologies were then subjected to convergent selection over 100 generations for an optimal Maxillary KT of 1.0. All populations converged to this value of Maxillary KT, but the resulting morphologies were highly variable with final form depending strongly on the starting shape (Fig. 6 ). The repeatability with which different starting morphologies evolved to specific regions of morphospace represents a phylogenetic constraint on 4-bar shape. Based on these simulations convergent evolution of 4-bar mechanics would not be expected to produce convergence in morphology.
THE GENERALITY OF MANY-TO-ONE MAPPING
Many-to-one mapping is a ubiquitous feature of biological design. Genetic epistasis produces many-toone mapping of genotypes to phenotypes and has long been recognized as a basic property of plant and animal genetic systems. Many-to-one mapping occurs between genotype and RNA secondary structure (Fontana and Schuster, 1998; Schuster, 2000) . Protein structure maps redundantly onto function (Adinolfi et al., 2002; Hughes, 1994; Kitami and Nadeau, 2002) . For many physiological properties of organisms there is redundant mapping of the underlying features to values of the physiological, mechanical or performance property (Koehl, 1996; Kovach, 1996; Nishikawa, 1999; Norberg, 1994; Taylor and Weibel, 1981; Wainwright et al., 1976) . For example, at the level of whole-organism performance, lizards with many different combinations of hind limb dimensions and leg muscles can have the same jumping ability (Toro et al., 2004) . A familiar example of many-to-one mapping occurs in vertebrate skeletal muscle where a constant muscle volume can be arranged in many different combinations of specific tension, fiber length and fiber orientation (angle of pennation) to produce muscles with the same tension-producing capacity (Powell et al., 1984) . In cases where the emergent property of a system is produced by an interaction of three or more components there is likely to be redundant mapping.
By analogy with the labrid feeding system that we have studied, we expect many-to-one mapping to have several general consequences for the evolution of complex functional systems. First, and this is our major point in this paper, redundant mapping promotes diversity of functional systems in evolving clades of organisms. The presence of surfaces of neutral morphological variation with respect to individual emergent properties, and neutral mechanical variation of one property with respect to another, permit more total combinations of the emergent properties. Many-to-one mapping of 4-bar shape to Maxillary and Nasal KT in labrid fishes means that many more combinations of these mechanical properties are possible than would be under the more restricted conditions of one-to-one mapping as seen in simpler systems. This is a relatively unexplored consequence of many-to-one mapping but is related to the notion of decoupling that has received considerable attention (Friel and Wainwright, 1998; Lauder, 1990; Liem and Osse, 1975; Lauder, 1986, 1996) . Second, the relationship between diversity that is measured at different levels of design is weakened by many-to-one mapping. Conformation at the lower level precisely determines functional properties at the level above, but the reverse is not true. In the labrid 4-bar case it would not be possible to infer jaw morphology given Maxillary KT. The weak correlations between morphological and mechanical diversity in our simulations that was caused by the many-to-one mapping of 4-bar form to Maxillary KT is, by extension, discouraging for attempts to infer patterns of niche diversity from variation in morphology (Gatz, 1979; Leisler and Winkler, 1991; Lovette et al., 2002; Winemiller, 1991) . Previous authors have noted that morphology may not map closely to ecology because of the nature of behavioural or performance filters that are imposed on this relationship (Moreno and Carrascal, 1993; Ricklefs and Miles, 1994) . Our observations, like those by Koehl (1996) on the nonlinear mapping of form to mechanics in may systems, provide an intrinsic mechanism in the relationship between form and mechanics that also can weaken this relationship.
Third, redundant mapping provides a clear mechanism for strong phylogenetic effects in the evolution of complex physiological systems. Our simulations of convergent evolution of 4-bar Maxillary KT show that the flexibility in morphological solution for each value of KT means that the path through morphospace that a lineage follows is strongly influenced by the morphology it begins with, as is the ending morphology. This phenomenon, relatively unexplored in the literature, is likely to contribute to overall clade diversity as the walks through morphospace from one value of KT to the next are likely to be unique to each lineage and strongly influenced by history.
The importance of complexity for the evolution of functional diversity has been widely recognized in the literature (Lipson et al., 2002; McShea, 2000; Vermeij, 1973a, b) and many-to-one mapping can be thought of as a special case of this general principal. Lineages of organisms that are made of more independently varying parts than other lineages are thought to have the potential to become more morphologically diverse (Vermeij, 1973a ). An important goal in future research will be to evaluate the importance of redundant mapping in influencing the diversity of functional systems. We suggest that a profitable avenue to pursue will be to identify monophyletic groups that are characterized by novelties that increase the structural complexity of specific systems and generate patterns of many-to-one mapping. Tests can then be constructed to compare the diversity of the functional system in the group possessing the novelty to that of its sister group or paraphyletic outgroup. Such studies will help determine the significance of intrinsic properties of physiological design for the uneven distribution of functional diversity in the tree of life.
